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Full Correlation in a Multiconfigurational Study of Bimetallic Clusters: Restricted
Active Space Pair-Density Functional Theory Study of [2Fe-2S] Systems
Davide Presti, Samuel J. Stoneburner, Donald G. Truhlar,* and Laura Gagliardi*
Department of Chemistry, Chemical Theory Center, and Minnesota Supercomputing Institute, University of Minnesota, 207 Pleasant Street SE, Minneapolis, MN 55455-0431, USA.

Abstract
Iron-sulfur clusters play a variety of important roles in protein chemistry, and understanding the
energetics of their spin ladders is an important part of understanding these roles. Computational modeling can offer considerable insight into such problems; however, calculations performed thus far on systems with multiple transition metals have typically either been restricted to a single-configuration representation of the density, as in Kohn-Sham theory, or been limited to correlating excitations only within
an active space, as in active-space self-consistent field methods. For greater reliability, a calculation
should include full correlation, i.e., not only correlation internal to the active space but also external correlation, and it is desirable to combine this full electron correlation with a multiconfigurational representation of the wave function; but this has been impractical thus far. Here we present an affordable way to
do that by using restricted-active-space pair-density functional theory. We show that with this method it
is possible to compute the entire spin ladder for systems containing two Fe centers bridged by two S atoms. On the other hand, with second-order perturbation theory only the high-spin states can be computed. A key result is that, in agreement with some experiments, we find a high-spin ground state for a relaxed reduced [Fe2S2(SCH3)4]3- cluster, which is a novel result in computational studies.
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1. Introduction
Iron-sulfur (Fe-S) compounds are widely studied because of their key role in biochemistry;1 Fe-S
clusters are the prosthetic groups in many metalloproteins, such as ferredoxins, hydrogenase, NADHdehydrogenase, and nitrogenase,1–5 and they have significant roles involving electron transport in the
metabolic pathways for both prokaryotic and eukaryotic cells.6,7 Furthermore, Fe-S clusters are protagonists of the so-called “iron-sulfur world”;8–11 prebiotic Fe-S clusters containing organic linkers (such as
glutathione12 and other analogs, mostly thiolates12,13) have been demonstrated to be able to form in extreme conditions, and their formation has been shown to benefit from the presence of the UV-light radiation (i.e. photo oxidizing/photolytic environment) provided by the “young Sun”.12 This may have led to
the formation of more complex Fe-S-based prebiotic molecules capable of organizing themselves into
peptides, enzymes, and proteins.
In the present work, we consider a particular class of Fe-S clusters: those containing two Fe centers bridged by two S atoms (referred to as [2Fe-2S] for convenience); these clusters present an intermediate situation between the single-center Fe clusters, from which they are formed, and the three- and
four-center Fe clusters which, together with [2Fe-2S], are involved in the formation of peptides. Their
UV-light-driven synthesis, mentioned above, was elegantly described in a recent experimental paper.12
Experimentally [2Fe-2S] clusters have been characterized extensively with UV-Visible optical absorption spectra, Mössbauer spectra, and EPR spectroscopy.4,7,12–15 However, a direct assignment of lowlying electronic states is still unattainable in larger systems.16 Theoretical studies have contributed significantly to the understanding of their electronic structure,16–26 but as pointed out in the work of Sharma
et al.,16 the theoretical models adopted until recently are not straightforward and have given conflicting
answers to key questions. Sharma et al.16 pointed out the possibility that one could obtain more definitive results by using ab initio calculations free of the assumptions in a phenomenological model, in particular avoiding use of the Heisenberg double-exchange model.
Complexes containing transition metals, especially multiple transition metal atoms, frequently
have intrinsically multi-configurational character, i.e., they cannot be well described by a single config-
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uration state function (CSF). This characteristic is often called “static correlation” or “strong correlation”, and the work of Sharma et al.16 featured a thorough treatment of the static correlation of ironsulfur systems. However, in order to make comparisons with experiment, it is also important to treat dynamic correlation at a high level. Dynamic correlation represents a relatively small part of the total electronic energy, but it is often of utmost importance in quantitatively determining relative energies such as
the energy ordering of different electronic states.
Kohn-Sham density functional theory (KS-DFT) in principle includes the full correlation energy
(static and dynamic) without separating them; however, the available density functionals treat the correlation energy better in systems well described by a single configuration state function, probably because
KS-DFT is based on a single-configuration representation of the electron density. Nevertheless it is often the best theory available and is therefore widely used for these systems.17–23 Recent applications using extended broken-symmetry (EBS) KS-DFT27 and variational Monte-Carlo28 were used to obtain a
reasonable ground-state relaxed geometry for these compounds.
Multi-configuration wave function methods have also been employed,21,22 and they represent an
attempt to overcome the limitation of single-CSF methods. Examples of multiconfiguration wave function methods include multiconfiguration self-consistent-field (MCSCF) methods such as the completeactive-space self-consistent-field method (CASSCF),29 multi-reference configuration-interaction
(MRCI) based on an MCSCF or CASSCF reference function,30 and multi-reference second order perturbation theory (MRPT2) such as complete active space perturbation theory31–33 (CASPT2). CASSCF
involves full configuration interaction (full CI) in an active space, which can provide only a qualitatively correct description of the electronic wave function. The included correlation, that which is representable internal to the active space, consists of the static correlation and a small portion of the dynamic correlation; the remaining dynamic correlation, involving excitations into the virtual space, is the external
correlation; CASSCF lacks most of the dynamic correlation because excitations to generate the electronic configurations are limited to the active space, which has a limited number of orbitals. The external
correlation is usually treated by a post-SCF method, using the SCF orbitals to build a reference wave
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function. When the reference wave function is multi-configurational, the method is called a multireference method. MRCI treats the full electron correlation when including sufficiently high excitations into
the virtual space, but that is prohibitively expensive in most cases, so excitations are usually limited to
single and double excitations (MRCISD). CASPT2 is also limited to double excitations in the virtual
space, and although it is less expensive than MRCISD, it too is usually too expensive for large or complex systems.
In a recent work,16,25 state-of-the-art methods for the treatment of large active spaces, e.g., the density-matrix renormalization group (DMRG) as a solver for complete active-space configuration interaction (CASCI), were employed by Sharma et al.16 to explore the spin-ladder of the low-energy spectrum
of [2Fe-2S] and [4Fe-4S] clusters; this allowed the use of larger active spaces than are practical for conventional CASSCF. But even with the largest practical active spaces, a large fraction of the dynamic
correlation energy is missing in CASSCF.
While there have been many theoretical studies, to the best of our knowledge no one has yet treated these iron-sulfur clusters with conventional post-MCSCF dynamic correlation treatments such as
MRCI or CASPT2. The lack of such applications to [2Fe-2S] clusters is due to their high or impractical
cost. While the time required for an MRPT2 calculation can be reduced with the use of a parallelized
code, the amount of memory becomes prohibitive for calculations involving the number of CSFs that
would typically be required to calculate low-spin states involving transition metal compounds.
The objective of the present work is to combine the advantages of a multi-configurational representation of the density with an affordable treatment of the full correlation energy. We do this by using
multi-configuration pair-density functional theory (MC-PDFT),34 which evaluates an on-top density
functional using the density and on-top pair density of a multi-configurational wave function. Unlike the
energy calculation in MRPT2, where correlation energy is separated into an internal part treated by
MCSCF and an external part involving a perturbative treatment of excitations into the virtual space,
with MC-PDFT one computes the unpartitioned (i.e., full) electron correlation energy in a single step by
using the multiconfigurational kinetic energy, density, and on-top pair density and an on-top density
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functional. Only kinetic energy and classical Coulomb contributions are taken from the MCSCF wave
function; the MCSCF energy is not used. Therefore there is no double counting of the correlation energy
contribution to the electron-electron repulsion.34–38
In the present work we calculated the low-energy spin ladder for both oxidized and reduced [2Fe2S] clusters and compared the results to literature data. The computational capabilities of MC-PDFT are
illustrated for large active space with 22 electrons in 26 orbitals, giving rise, for example, to 6.3106
CSFs for the triplet spin configuration. We achieve this larger number of CSFs by using a recently developed protocol, RASCI-PDFT,39 based on the restricted active space self-consistent-field
(RASSCF)40/configuration interaction (RASCI)41 method. For comparison, RASCI-PT242 energies were
computed whenever possible, but they were unaffordable except for a few cases; this shows that
RASCI-PDFT can handle problems larger than those feasible with previously available post-MCSCF
methods.

2. Computational Methods
All calculations were performed for gas-phase species using a parallel build of Molcas 8.2.43
Symmetry constraints were not imposed. The ANO-RCC-VTZP large basis-set44 was used for iron and
sulfur atoms, and the ANO-RCC-MB minimal basis-set44 was used for C and H atoms of the ligands.
The Douglas-Kroll-Hess Hamiltonian45–47 was employed throughout to account for scalar relativistic effects.
In the wave function calculations, external correlation was included perturbatively with the zeroorder wave function obtained by RASSCF40 and RASCI41 (see Sections 2.2.1 and 2.2.2 for further details) by using second-order perturbation theory (to be indicated as RASCI-PT2). RASSCF calculations
involve simultaneous optimization of both orbitals and configuration interaction coefficients. In the present RASCI calculations, the orbitals optimized by RASSCF for the high-spin configuration are used for
restricted-active-space configuration interaction calculations for the whole spin-ladder. The active spaces employed are described in detail in the next section. RASSCF and RASCI excitation energies were
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computed with the state-average48 (SA) approach. RASCI-PT2 calculations were carried out as singlestate calculations (based on state-averaged orbitals) with an imaginary shift49 of 0.1 hartrees and with
the default value (0.25 hartrees) for the IPEA shift.50 For spin multiplicity M (which equals 2S + 1,
where S is the total electron spin) lower than 8, memory allocation for MRPT2 calculations exceeded
the maximum available for our hardware, thus rendering the calculations unfeasible.
The density functional calculations are carried out with pair-density functional theory34,51 based on
RASCI wave functions and therefore are called RASCI-PDFT. The RASCI-PDFT calculations used the
translated PBE (tPBE) on-top functional.34
Orbitals are depicted with a surface isodensity value of 0.4 a.u. Plots and figures were produced
with Gnuplot 5.0, Luscus,52 and Vesta.53

2.1 Cluster Models
We write superscripts ±q for chemical oxidation states, and superscripts q± for physical charges.
The central fragment of the compounds investigated here are the oxidized cluster [2Fe-2S]2+, where
both metal centers are formally in the oxidation state Fe+3, and the reduced cluster is [2Fe-2S]1+, where
one center is Fe+3, and the other one is Fe+2. The oxidized cluster has ten unpaired electrons in the highspin (HS) configuration, and the reduced cluster has nine. Since [2Fe-2S] clusters have four thiolate
linkers, the full systems under study (shown in Figure 1) are denoted as [Fe2S2(SCH3)4]2-/3-. The unrelaxed structures from Sharma et al.16 were used for both the oxidized and reduced forms. For the reduced cluster, Fe2S2(SCH3)4]3-, the slightly asymmetric relaxed structure, obtained by broken-symmetry
KS-DFT and reported in Ref. 16, was also considered.
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Figure 1: Unrelaxed structure and atom labeling of the [Fe2S2(SCH3)4]2-/3- cluster as taken from Ref. 16
(derived, in turn, from the experimental structure of Ref. 54)

2.2. Active space determination
2.2.1 RASSCF
The active spaces used in the present study are defined based on the ones reported in Ref. 16. The
high-spin (HS) spin state of the [Fe2S2(SCH3)4]2- oxidized cluster (M = 11) was used to generate the active spaces used for both oxidized [Fe2S2(SCH3)4]2- and reduced [Fe2S2(SCH3)4]3- clusters. See the SI
for details of the protocol. While it is possible that the use of orbitals optimized only for high-spin when
calculating the full spin ladder could introduce some bias favoring higher spin states, we note that the
DMRG calculations in Ref. 16 also used orbitals optimized for a high-spin state. After a comparison
with results from orbitals optimized for each spin state, the authors concluded that the effect on relative
spin energetics was minimal and performed CI-only calculations with the high-spin orbitals thereafter.
The active spaces in RASSCF and RASCI calculations are labeled as (n,e,h;o1,o2,o3), with n being
the total number of electrons considered in the RAS1, RAS2, and RAS3 subspaces, e being the maximum number of electrons allowed to be excited from RAS1, h being the maximum number of holes allowed in RAS3, and o1, o2, and o3 being the number of orbitals in RAS1, RAS2, and RAS3, respectively. The active spaces we use are explained in Table 1. The orbitals in the active spaces for the oxidized
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case are depicted in Figure S2, and those for the reduced case are in Figures S3 and S4. (Figures and tables with a prefix S are in Supporting Information.)

Table 1. Active spaces employed in this worka
Cluster

Name

either

all

oxidized

(22,26)

22,1,1; 6,10,10

RAS3: all 3d´ b orbitals (correlating orbitals)

(22,21)

22,1,1; 6,10,5

RAS3: five 3d´ b orbitals with highest occupation numbers

(23,26)

23,1,1; 6,10,10

same as (22,26)

(23,22)

23,1,1; 6,10,6

RAS3: six 3d´ b orbitals with highest occupation numbers
(unrelaxed geometry)

(23,21)

23,1,1; 6,10,5

RAS3: five 3d´ b orbitals with highest occupation numbers
(relaxed geometry)

reduced

n,e,h; o1,o2,o3

Description of orbitals
RAS1: bridging sulfur 3p orbitals
RAS2: all 3d orbitals

aIn

all cases, these orbitals were obtained by a state-averaged RASSCF calculation on the lowest ten
roots of the high-spin cluster (multiplicity M = 11 for the oxidized; multiplicity M = 10 for the reduced).
In the reduced case, the orbitals of the oxidized case are used as starting orbitals for the SCF iterations.
b
The orbitals labeled 3d´ are a second subshell of d orbitals that contribute to the correlation of the first
subshell of d orbitals; they are sometimes referred to as “4d” or “4d-like”.

2.2.2 RASCI
Having obtained the orbitals by RASSCF calculations on the high-spin states, we performed
RASCI calculations for the full spin ladder of each cluster; these calculations consisted of reoptimizing
only the CI coefficients for every possible spin multiplicity using the orbitals optimized for the highspin states of the cluster. The RASCI wave functions were also used as references for further calculations by MC-PDFT and MRPT2, and these calculations are labeled as RASCI-PDFT and RASCI-PT2,
respectively. The RASCI energies without either MC-PDFT or MRPT2 are labeled simply “RASCI”.
Since the number of CSFs grows rapidly with active space size (see Table 2), and since the RAS2
subspace already has 10 electrons in 10 orbitals, double excitations between RAS subspaces would have
resulted in unaffordably large calculations for all spin multiplicities other than the highest-spin configurations (M = 11 for the oxidized cluster and M = 10 for the reduced cluster). We gauged the error in
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RASCI excitation energies due to the use of single excitations between subspaces by also considering
two holes in RAS1 for the high-spin configuration, while keeping only single excitations to RAS3 to
limit the number of CSFs. We report in Table S1 the difference between the excitation energies obtained
for the unrelaxed oxidized and reduced clusters with two holes or one hole allowed in RAS1. The mean
differences are in the range -0.03 to 0.19 eV with the chosen active spaces.

Table 2. Number of configuration state functions (CSFs) for each spin configuration with 26 orbitals.
oxidized

reduced

M

CSFs

M

CSFs

11

6,221

10

28,880

9

134,739

8

378,280

7

1,067,605

6

2,012,780

5

3,790,875

4

4,950,990

3

6,260,760†

2

5,241,060

1

3,409,164

† This active space for the triplet state has 2.25 times more CSFs than the generalized active space (GAS)-PDFT calculation
for triplet dodecacene that included 50 electrons in 50 orbitals. 55

Many of the 3p orbitals of bridging sulfurs are mixed with S–CH3 σ-type bonding orbitals, especially in the case of the reduced cluster, and this makes the active spaces including 26 orbitals comparable to the large one with 32 orbitals employed in Ref. 16. The main remaining difference is that in this
work the 4s orbitals of Fe were excluded because of their being highly mixed with 4d and 5d orbitals,
which would have required several additional correlating orbitals in the active space in order to maintain
balance. Furthermore, here the large ANO-RCC-VTZP basis-set is used (with ANO-RCC-MB for C and
H), whereas the orbitals of Ref. 16 were obtained by a small basis set in BP86/def2-SV(P) calculations.
Note that both our orbitals and those in Ref. 16 were optimized for a high-spin state, as stated in Section
2.2.1.
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3. Results and Discussion
3.1 [Fe2S2(SCH3)4]2- oxidized cluster
The oxidized cluster has two centers that are formally Fe+3 centers; thus each of these centers has
five unpaired electrons. The centers are antiferromagnetically (AFM) coupled14 in the ground state of
the oxidized cluster. The AFM state is an overall singlet, whereas the ferromagnetically (FM) coupled
undectet is the highest spin state. We remind the reader that the orbitals are optimized with the FM configuration due to the significantly smaller number of configurations (see Table 2) in that spin state, and
that the authors of Ref. 16 found little benefit in optimizing the orbitals for each spin state separately.
Figure 2a shows the RASCI spin ladders for vertical excitation energies using both the (22,26) and the
(22,21) active spaces. Energies are reported in the text in eV units for easier readability, whereas they
are plotted in figures in cm-1 for easier comparison with Ref. 16. Note that 1 eV = 8065.5 cm-1.

Figure 2. Vertical-excitation spin ladders. (a) RASCI (ten roots for each spin configuration) computed
with two active spaces: (22,26) and (22,21). (b) RASCI-PDFT and RASCI-PT2 (nonet and undectet
ground-state only). The singlet ground state is taken as the zero of energy in this figure, and for a visual
comparison of excitations energies, the energy of the RASCI-PT2 nonet ground state is shifted to the
energy of the RASCI-PDFT nonet ground state. In the figure, RASCI-PDFT is labeled RASCI-tPBE.
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There is no tabulated data in Ref. 16 for the oxidized clusters, but Figure 2 therein depicts the
ground-state energy levels for each spin state of the oxidized cluster. The DMRG-CASCI values in Ref.
16 span a larger range (approximately 8,000 cm-1) than present RASCI calculations (about 5,000 cm-1 in
Figure 2a), but it is difficult to say which results are more accurate. While the DMRG-CASCI calculation of Ref. 16 includes more orbitals in the active space (specifically, the 4s subshells of the Fe atoms)
and a more complete treatment of the active space, a much larger basis set is adopted for the present
work. Note that both the DMRG-CI and our RASCI calculations used orbitals optimized for the highspin configuration, and therefore the differences in results cannot be explained by a possible high-spin
bias in the orbitals. Figure 2a of the present work shows a sizable gap between the ground and the first
excited states for all spin states, while the higher excited states form a denser manifold. We will see below that this trend is also found in post-RASCI energies computed by RASCI-PDFT and RASCI-PT2.
Figs. 2a and 2b have slightly different wavenumber scales, but comparison of numerical relative energies shows that RASCI-PDFT has a mildly wider spread of excitation energies than does RASCI.
RASCI (22,21) energies give a trend that is comparable with RASCI (22,26), but while RASCI
(22,26) incorrectly predicts the lowest energy spin state to be a septet, RASCI (22,21) correctly orders
the different spin states increasing from singlet to undectet, as has been inferred from experiment. Although the RASCI calculation without external correlation does not obtain correct spin state order with
the largest active space (i.e. including some but not all 3d’ orbitals), Figure 2b shows encouragingly that
RASCI-PDFT does yield the correct spin state ordering for the largest active space. Furthermore, for
each spin state, the lowest states for each of the spins are almost superimposed in the RASCI-PDFT calculations, showing that RASCI-PDFT is less sensitive to active space choice than is RASCI. Notice that
For comparison, single-state RASCI-PT2 are reported only for the states for which there are converged results (the undectet ground state and the nonet ground and excited states), i.e., M = 9 and M =
11.
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3.2 [Fe2S2(SCH3)4]3- reduced cluster
Calculations for the reduced cluster are reported at two geometries: the unrelaxed one (discussed
in Section 3.2.1), which is the same slightly asymmetric structure as was used for the oxidized cluster,
and the relaxed one (discussed in Section 3.2.2), which is more asymmetric. Both structures are from
Ref. 16. Table 3 summarizes the vertical excitation energies of the lowest five electronic states (which
are supposed to be more relevant experimentally at room temperature) for each spin configuration by
RASCI, and compared to the DMRG-CASCI results of Sharma et al.16
The work of Sharma et al. involved using the DMRG solver for CASCI with very large active
spaces. Since CASSCF, even with a large active space, does not include most of the dynamic correlation, it is comparable to our RASCI in that neither calculation includes external correlation, whereas our
RASCI-PDFT calculation includes dynamic correlation with no active space limitation. However, the
DMRG-CASCI provides an approximation to full CI within the active space, whereas our calculations
involve restricted CI as explained in Section 2.2.1. Conversely, the basis set used for DMRG-CASCI
was unusually small [def2-SV(P)] for a wave function calculation, whereas we use an extended basis
set. Taking all of these factors into account, we cannot say definitively which set of results is more accurate, because we lack an external reference by which to judge between them, and the different approaches each have advantages and disadvantages in terms of the severity of their approximations.

3.2.1 Reduced cluster with unrelaxed geometry
The present RASCI calculations with the (23,22) active space on the unrelaxed geometry are not
expected to capture most of the dynamic correlation due to the limitations of the active space, i.e., the
number of orbitals as well as the restriction to having only single excitations from RAS1 and to RAS3.
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Table 3 RASCI vertical excitation energies for the lowest five electronic states with respect to the
DMRG-CASCI results of Sharma et al.16 for the unrelaxed geometry of the reduced cluster. The lowest
energies in each case are used as the zeroes of energy.

2S+1
2
4
6
8
10

2
4
6
8
10

Excitation energies (eV)
RASCI (23,1,1;6,10,10)
RASCI (23,1,1;6,10,6)
State 1
State 2 State 3 State 4 State 5 State 1 State 2 State 3 State 4 State 5
0.07
0.24
0.40
0.47
0.53
1.27
1.46
1.74
1.96
2.16
0.04
0.31
0.35
0.46
0.62
1.24
1.62
1.67
2.12
2.13
0.07
0.21
0.34
0.64
0.72
1.24
1.62
1.83
2.15
2.29
0.09
0.17
0.37
0.87
0.95
1.30
1.60
2.08
2.23
2.34
0.00
0.34
0.50
1.14
1.24
0.00
0.31
0.33
0.98
1.13
DMRG-CASCI, Sharma et al.16
State 1
State 2 State 3 State 4 State 5
0.00
0.04
0.14
0.33
0.53
0.02
0.07
0.21
0.53
0.55
0.04
0.08
0.36
0.58
0.66
0.08
0.16
0.58
0.67
0.79
0.13
0.36
0.91
0.92
1.05

Table 3 and Figures 3a and 3c show that the larger active space (23,26) yields results more similar
to the DMRG-CASCI results than the smaller (23,22) active space in terms of vertical excitation energies, although the differences are still sizable. These differences cannot be simply explained with the
choice of employing the orbitals optimized only for the dectet spin state, as the DMRG-CASCI used
high-spin orbitals as well.16 While the RASCI calculations present a different energetic ordering of the
ground state of each spin state with respect to DMRG-CASCI, the ordering at the RASCI-tPBE level
with the (23,26) active space is similar to the DMRG-CASCI results (see Table S3 and Figure 3d).
The (23,26) active space captures additional dynamic correlation even at the RASCI level due to
the inclusion of all the correlating 3d´ orbitals of iron, which have previously been found to be important in first-transition-row metals with more than half-filled 3d subshells.33,56,57 Also, the RASCI excitation energies (Figures 3a and 3c) and their spacings, i.e., both the global energy span and the spacings within each multiplet manifold, are more similar to those computed by DMRG-CASCI than was
the case for the (23,22) active space.
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When approximating the full correlation energy by RASCI-PDFT (Figure 3d), the situation does
not change considerably. The finding that there are only small differences between the (23,26) active
space and the active space of Sharma et al. indicates that the inclusion of the 4s orbitals (part of the socalled ‘double-shell’ effect, together with 3d’ orbitals) in the active space is unneeded, as already reported in similar cases.56,57
The cluster is predicted by RASCI-PDFT to have a quartet ground state (Figure 3d) that is only
0.01 eV more stable than the doublet (see Table S3). As seen in the next subsection, this occurs for the
relaxed structure as well. Note that we choose the doublet as the reference energy (zero of energy) in
Table 3 and in Figure 3 (excepting Figure 3b), but the 0.01 eV is a small difference and below the expected precision of the method, thus we cannot make a reliable claim regarding whether the doublet or
the quartet is the true ground state.
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Figure 3. (a) RASCI spin ladder for the unrelaxed [Fe2S2(SCH3)4]3- cluster, computed with the two active spaces. The DMRG-CASCI results of Sharma et al.16 are also shown. (b) RASCI-PDFT spin ladder
and RASCI-PT2 dectet results with the (23,22) active space. Panel (c) shows a closer view than (a) on
the lowest five states for the RASCI (23,26) and the DMRG-CASCI data. (d) RASCI-PDFT spin ladder
and RASCI-PT2 dectet results with the (23,26) active space. The doublet ground state is taken as zero.
As in Figure 2, the RASPT2 energies of panel (d) are shifted to the RASCI-tPBE dectet ground state. In
the figure, RASCI-PDFT is labeled RASCI-tPBE.

3.2.2 Reduced cluster with relaxed geometry
Table 4 reports the lowest vertical excitation energies of the relaxed reduced cluster (full data is
available in Table S4). In contrast to the results for the unrelaxed cluster, the (23,21) active space
RASCI results are much closer to those of the (23,26) active space and to those obtained by DMRGCASCI for low-energy states, although there are very large differences for higher-energy states (see Table S4 and Figure S5). There is also one fewer 3d´ orbital in the (23,21) active space than in the corresponding unrelaxed case (23,22) due to its very small occupation (0.01). However, the inclusion of all
correlating 3d´ orbitals in the (23,26) active space makes a remarkable improvement in the description
of the internal correlation contribution to higher excitation energies. Energy levels corresponding to Table 4 are shown in Figure S5b.

Table 4 RASCI vertical excitation energies for the lowest five electronic states with respect to the
DMRG-CASCI results of Sharma et al.16 for the relaxed geometry of the reduced cluster. The lowest
energies in each case are set to zero.

2S+1
2
4
6
8

State 1
0.04
0.05
0.04
0.02

Excitation energies (eV)
RASCI (23,1,1;6,10,10)
RASCI (23,1,1;6,10,5)
State 2 State 3 State 4 State 5 State 1 State 2 State 3 State 4 State 5
0.15
0.38
0.42
0.50
0.00
0.12
0.35
0.38
0.46
0.15
0.37
0.42
0.51
0.01
0.13
0.36
0.39
0.47
0.15
0.37
0.41
0.55
0.03
0.15
0.37
0.42
0.50
0.18
0.38
0.44
0.61
0.04
0.19
0.40
0.46
0.56
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2
4
6
8
10

0.00

0.23
0.40
0.50
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0.23
0.53
0.74
0.80

0.04

0.24

0.46

0.51

0.64

For the relaxed reduced cluster, for which the relative energies are depicted in Figures 4a and 4b,
the most notable difference from the unrelaxed cluster is that RASCI-PDFT predicts the ground state of
the spin ladder to be the dectet (ferromagnetic) spin configuration in both active spaces. This is also in
contrast with previous DMRG-CASCI calculations16 for both unrelaxed and relaxed structures. This
dectet ground state is compatible with some experimental observations of a high-spin ground state in valence-delocalized [2Fe-2S] reduced clusters,58–60 where the two iron centers are Fe+2.5. The reversed
stability is not evident at the RASCI level (see Figure S5 as compared to Figure 4), which suggests that
a beyond-MCSCF treatment (i.e., inclusion of external correlation energy) is necessary. Such a treatment was absent in the DMRG-CASCI calculations of Ref. 16. The experimental cases very often feature a low-spin ground state, but more generally there may be a strong dependence on geometry (see also Section 3.3). Thus, no general statements can be made about the ground spin of all [2Fe-2S] clusters.
Regardless, our results give evidence to the potentially dramatic effects of including (or, conversely, ignoring) dynamic correlation.
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Figure 4. (a) RASCI-PDFT spin ladder for the relaxed [Fe2S2(SCH3)4]3- cluster, computed with the large
active space. The RASCI-PT2 dectet results are also shown. The RASCI-PT2 energies are shifted to the
RASCI-PDFT dectet ground state, which is taken as the zero of energy. In the figure, RASCI-PDFT is
labeled RASCI-tPBE. (b) A closer look at the lower-energy states of panel (a) (note that for the highestspin case, the RASCI-tPBE and RASCI-PT2 states at 0.00 eV are superimposed).

RASCI-PT2 calculations either did not converge or were not feasible except for the dectet. The
corresponding energy values (reported in Tables S2-S4) are shown in Figure 4. Note that Figure 4
shows what appears to be a negative excitation energy. This is because the RASCI-PT2 states are not
ordered the same as RASCI and RASCI-PDFT. Using the labeling scheme in Table S4, the “State 1”
dectet is the ground state at the RASCI and RASCI-PDFT levels. To make comparison of relative energies easier, the RASCI-PT2 energies are shifted so that the energy of State 1 is zero. However, the State
2 RASCI-PT2 energy is lower than the State 1 RASCI-PT2 energy and so appears to be negative after
the shift (see also Table S4).

3.3 Configurations and populations
Looking at the main electronic configurations of the lowest energy high-spin states (Table S5), we
note that the dominant configurations in all systems have weights (squared CI coefficients) far from unity. This means that the corresponding wave functions have significant multi-configurational character.
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The lowest-energy undectet (high) spin state of the oxidized cluster has three contributions with weight
greater than 0.10, with one clearly dominant but having a relatively small weight (0.53). This is also
seen for the lowest-energy dectet state of the reduced cluster at the same (unrelaxed) geometry (weight:
0.62). In contrast, the weight of the dominant configuration for the lowest-energy dectet state at the relaxed geometry is only 0.21 and is accompanied by three other high-spin configurations that have similar weights (0.12, 0.16, and 0.11). The state-specific configurations (Table S5) also show a slightly diminished occupancy of 3p orbitals of the bridging sulfurs. The spin densities reported in Tables S6-S8
of the SI show that in the high-spin cases one of the unpaired electrons is delocalized over the bridging
sulfurs for the oxidized cluster, whereas for the two reduced clusters it is delocalized over the entire
[2Fe-2S] fragment. The reduced cluster shows a nearly symmetric electronic structure at the unrelaxed
geometry and a slightly asymmetric structure at the relaxed geometry.
Formally the oxidation states for the oxidized and reduced clusters are Fe+3/Fe+3 and Fe+3/Fe+2, respectively, but the orbital occupation numbers in the ground states (see Figures S6-S8) suggest the reduced cluster is better described as Fe+2.5/Fe+2.5, which is in agreement with some experimental conclusions.58–60 The additional electron in the reduced cluster as compared to the oxidized cluster is found in
a bonding/antibonding pair of 3d orbitals and is evenly distributed over the two Fe centers. At the unrelaxed geometry it appears almost entirely in the δ/δ* combination of the Fe 3𝑑𝑦𝑧 orbitals, with the additional occupancy being added evenly between the δ and δ* orbitals. In contrast, at the relaxed geometry
it is in the σ bonding combination of the Fe 3𝑑𝑧 2 orbitals, and with the σ* antibonding orbital being less
occupied than in the oxidized case or in the reduced unrelaxed cluster. These observations may be explained by the relaxed geometry having an Fe-Fe distance of 2.91 Å, which is longer than 2.69 Å of the
unrelaxed geometry; the greater distance correlates with the more favorable σ-bonding interaction.

4. Conclusions
We have shown that RASCI-PDFT is an affordable way to approximate the full electron correlation in systems like [2Fe-2S] clusters that require multireference wave functions containing a large
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number of orbitals in the active space (26) and a large number of a configuration state functions (over
six million). Our results with RASCI-PDFT show that correlation effects beyond those included in
CASSCF, RASSCF, CASCI, and RASCI, even with the large active spaces allowed by DMRG solvers,
can be considerable in these systems. These correlation effects cannot currently be evaluated by standard post-MCSCF methods such as RASCI-PT2, which remains unaffordable for most of the low-spin
multiplets.
Both oxidized and reduced clusters at their unrelaxed geometry have a low-spin ground state.
However, in contrast with previous calculations, a reversed spin-ladder energy ordering is obtained with
RASCI-PDFT for the reduced [2Fe-2S] cluster at the relaxed geometry. This is in agreement with some
previous experimental observations of a high-spin ground state in valence-delocalized [2Fe-2S] clusters.
RASCI-PDFT makes the treatment of full correlation with bimetallic systems affordable, as
demonstrated by the calculation of full spin ladders where only the highest-spin cases were feasible with
RASPT2. A suitable improvement over RASCI-PDFT, and a good compromise between accuracy and
feasibility towards larger active spaces and compounds, would be the use of the recently developed
DMRG-PDFT61 method. The combination of DMRG’s powerful ability to reduce the number of configurations in a large active space with MC-PDFT’s evaluation of the full electron correlation will allow a
quantitative description of larger iron-sulfur clusters, e.g. [4Fe-4S], as well as an unprecedented possibility to investigate very large systems with a fully multi-configurational approach.
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